Introduction {#sec1}
============

Protein crystals have predominantly been studied utilizing X-ray crystallography techniques to establish their molecular structures. It is known that proteins exhibit distinct three-dimensional structures, which contain well-ordered nanoporous solvent channels, usually 0.5--10 nm in diameter. These channels are typically filled with water molecules, which constitute a large proportion of the crystal volume and display remarkably high internal surface areas.^[@ref1]−[@ref3]^ From this viewpoint, structural similarities to nanoporous materials, such as zeolite,^[@ref4]^ mesoporous silica,^[@ref5]^ and metal--organic frameworks (MOFs), are noteworthy.^[@ref6]^ It is expected that similarly to MOFs, protein crystals will be employed in a broader range of applications, including molecular sieves, catalysis, and drug delivery systems. Nevertheless, protein crystals have limitations, which mainly result from their mechanical and chemical fragility. It has been proposed that protein crystals can be easily stabilized by the addition of covalent bonds between neighboring proteins, i.e., chemical cross-linking. The method for producing cross-linked crystals is already particularly established for protein hen egg-white lysozyme (HEWL) and involves soaking the crystals in a glutaraldehyde solution.^[@ref7],[@ref8]^ The crystals are robust with respect to temperature, acid, base, or solvent changes, and their potential applications are widely investigated.

Among various applications, synthesis of nanomaterials using protein crystals has recently gained significant attention. Such approaches are primarily based on the cross-linked HEWL crystals. The solvent channels in protein crystals can provide a chemically heterogeneous and confined environment and are expected to be used as synthesis templates. In other words, these materials exhibit crystalline scaffolds analogous to those of nanomaterials. For example, Mann et al. synthesized gold and silver nanoparticles by soaking protein crystals in an aqueous solution of a metal salt and a reducing agent.^[@ref9],[@ref10]^ The same group also succeeded in the preparation of luminescent carbon dots using the same approach.^[@ref11]^ On the other hand, Ueno et al. reported the synthesis of CoPt nanoparticles and described the controlling of the magnetic properties of the materials by utilizing different crystalline phases.^[@ref12]^ Moreover, Zhang and co-workers assembled lanthanide complexes in protein solvent channels by mixing with the component solution of organic solvents.^[@ref13]^ All of these results demonstrate the potential of protein crystals as templates for the synthesis of nanomaterials and suggest that molecules or ions can diffuse into protein crystals from solution. However, the molecular incorporation into the crystals was supported as the result of the obtained product. This implies that the dynamic process of a chemical synthesis in the protein crystals from the material incorporation into the product is not well understood, especially the spatial distribution of the materials. Moreover, the interaction between the incorporated materials and the surface of the nanopores of the protein crystals, i.e., the host--guest interaction, has not been sufficiently examined. Because protein molecules possess a net charge, which is affected by the pH of their surrounding environment, the possible electrostatic interactions should be further evaluated. Furthermore, the study of protein crystals as nanoporous materials is a largely unexplored area in comparison with the synthetic chemistry counterparts.

Considering the intriguing properties of protein crystals as nanoporous materials, several research groups have described the molecular incorporation into protein crystals, both theoretically and experimentally.^[@ref2],[@ref14]−[@ref21]^ For instance, Farhadian et al. used theoretical methods to predict that glycine molecules can diffuse into HEWL crystals via solvent channels and would be trapped near the entrances by lysine, arginine, and aspartic acid residues.^[@ref14]^ In addition, Guli and co-workers demonstrated loading of bromophenol blue into cross-linked HEWL crystals. Using diffuse reflectance spectroscopy, the group revealed that the absorption spectra of crystalline powder samples exhibited a red shift in comparison to that of the bulk solution, implying a confinement effect within the channels.^[@ref15]^ The host−guest interaction has been suggested; however, it is still not fully understood. Powder samples result in aggregates such as dimers formed on the external surfaces of crystals, which drastically affect spectral shapes.

An important work in this field was performed by Cvetkovic et al. The group focused on evaluating molecular loading properties of native and cross-linked HEWL crystals of different morphologies and examined them by loading fluorescent molecules into the crystals.^[@ref16]−[@ref19]^ It should be noted that the methodology was developed based on measurements of collective crystals to single ones, utilizing loading of fluorescent molecules and analyzing the materials using confocal fluorescence microscopy. The single-crystal imaging elucidated the dynamic process of molecular loading into the crystals, depending on the channel size and the molecular diffusion anisotropy. Although better insight into the protein crystals as nanoporous materials was obtained by their work, understanding the host--guest interaction remained unaddressed. Hence, spectroscopic analysis of the loaded molecules in the protein crystals is essential. From this viewpoint, Kuhn's group also employed confocal and two-photon excited fluorescence microscopy and examined the pH and Ca^2+^ ion concentration inside single HEWL crystals by introducing pH-sensitive fluorescent molecules into the crystals.^[@ref20],[@ref21]^ They demonstrated that the fluorescence image exhibited spatial distribution of pH inside the single crystals. Moreover, it was shown that space-resolved spectroscopy allows for sensitive detection. These outcomes further indicate that the observation of the loading of guest molecules into single protein crystals and their distribution using not just imaging but also spectroscopic approaches is required to obtain a comprehensive understanding of the host--guest interaction, including the position dependence.

In this study, we conducted an optical microscopy investigation on the diffusion and distribution of fluorescent dyes in HEWL crystals at a single-crystal level. We also thoroughly examined the host--guest interactions, utilizing the space-resolved absorption and fluorescence spectroscopy analyses conducted using an optical microscope. We immersed the already-prepared HEWL crystals into a fluorescence dye buffer solution containing the lysozyme and conducted an evaluation of the crystals under an optical microscope. In addition, we employed fluorescent dyes with various charges to investigate whether the charge of the guest species has an effect on the penetration of the molecules into the solvent channels and the interaction with the charge of the channel surface. In this study, the primary focus involved the native HEWL crystals because the molecular loading process into crystals of this type is remarkably simple. A better understanding of the native protein crystals as nanoporous materials is essential, and it is hoped that the outcomes of our study will provide a platform for the examination of the effects of cross-linking.

Experimental Section {#sec2}
====================

Protein Crystal Preparation {#sec2.1}
---------------------------

Hen egg-white lysozyme was purchased from Sigma-Aldrich and used without further purification. HEWL was crystallized employing the vapor diffusion method using 48-well crystallization plates (HR3-179, Hampton Research). Briefly, 7 μL of 50 mg/mL HEWL dissolved in a 0.1 M sodium acetate buffer solution (pH 4.5) and 7 μL of 0.1 M NaCl in a 0.1 M sodium acetate buffer solution were added to each well. NaCl was used as a precipitant, and the solution in the well was the "mother solution". Subsequently, 200 μL of 0.1 M NaCl in a 0.1 M sodium acetate solution was poured into each reservoir. The plate was then sealed with a transparent sealing film (HR3-609, Hampton Research) and incubated at 20 °C. The crystal growth progress was followed using a stereoscopic microscope (SZ61TR, Olympus). After 72 h, grown HEWL crystals (∼hundreds of micrometer in length) were obtained. Based on the microscopic observation, the crystal shapes could be divided into two groups, hexagonal and square-shaped, as presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b, respectively. These can be assigned to (110) and (101) faces of the tetragonal HEWL crystals, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c).^[@ref22],[@ref23]^ The tetragonal crystals contain solvent channels along with the *c*-axis as presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d, whereas obvious channels are not found along with the *a*- and *b*-axis ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01038/suppl_file/ao0c01038_si_001.pdf)). The crystal structure was imported from the Protein Data Bank (PDB code 193L)^[@ref24]^ into the Mercury software.

![Transmittance microscopic images of hen egg-white lysozyme crystals obtained using the above experimental procedure. The (a) hexagonal and (b) square-shaped ones correspond to (110) and (101) faces of the tetragonal HEWL crystals, respectively. (c) Schematic illustration of the morphology of a tetragonal HEWL crystal, showing the crystallographic axes and faces. (d) *c*-axis projection of the structure of the tetragonal HEWL crystal.](ao0c01038_0002){#fig1}

Molecular Incorporation {#sec2.2}
-----------------------

Molecular loading into the HEWL crystals was performed using the following procedure. The sealing film was initially peeled off from the crystallization plate, and 7 μL of various concentrations of the dye in a sodium acetate buffer solution was added to the well containing HEWL crystals. Subsequently, the plate was sealed again and placed under an inverted microscope for optical measurement. Notably, HEWL was mixed with the dye solution (50 mg/mL) to avoid crystal dissolution, owing to decreasing concentration. The dye types employed in this study are provided in [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}. Acridine yellow G was purchased from Sigma-Aldrich, whereas eosin Y and rhodamine 6G were obtained from Wako Chemical and used without further purification.

![Structures of Fluorescent Dye Molecules Incorporated in Hen Egg-White Lysozyme Crystals](ao0c01038_0001){#cht1}

Optical Measurement {#sec2.3}
-------------------

Transmittance (absorption) and fluorescence imaging/spectroscopy analyses of single HEWL crystals, primarily hexagonal ones, were conducted under an inverted microscope (IX73, Olympus). A schematic drawing of the experimental setup is presented in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01038/suppl_file/ao0c01038_si_001.pdf). After the dye solution was injected into the crystal solution, the crystallization plate was settled on the microscope. It was then illuminated with white light from a halogen lamp via a condenser lens (IX2-LWUCD, Olympus) for transmittance or with a 405 nm CW laser beam from a DPSS laser (MDL-III-405, CNI) via a 4× microscope objective lens (UPLFLN 4×, Olympus) for fluorescence excitation. To adjust the apparatus to the crystallization plate thickness, an optical height spacer was utilized under the objective (10 mm height, custom, Tokyo Instruments). The 405 nm laser beam radius in lateral was expanded to 500 μm at the focal plane by inserting an *f* = 400 lens in front of the microscope to illuminate the crystals uniformly. The laser intensity was set to 300 mW/cm^2^. The transmission/fluorescence emission images were recorded using a CMOS camera (TrueChrome Metrics, Tucsen Photonics). For the spectroscopic measurements, the light was spatially selected using an imaging pinhole (250 μm radius) and sent to a polychromator (DU420A--BVS, Andor) coupled to a CCD camera (SR303i-A, Andor). The spatial resolution of the spectroscopic measurement was determined as roughly 5 μm in lateral and 20 μm in vertical.

Results and Discussion {#sec3}
======================

In the first instance, we demonstrated the incorporation of the dye molecule into HEWL crystals using stereoscopic microscopy, as presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In this experiment, 400 μM of the eosin Y solution was injected into the crystal mother solution, and the temporal change was observed in a single well of the crystallization plate. As can be seen, some small HEWL crystals were visible in the mother solution in the single well. Moreover, the solution was red due to the presence of eosin Y ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). After 24 h, the color of the solution changed to transparent, whereas the crystals appeared red ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Dissolution of the crystals was not observed. It is noteworthy that the HEWL crystals were originally transparent in the visible region, as presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b. This was also confirmed by the transmittance spectroscopy analysis of single crystals demonstrated in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01038/suppl_file/ao0c01038_si_001.pdf). Thus, these outcomes indicate that the molecules of eosin Y were successfully captured inside the crystals in the solution, though such painting of cross-linked HEWL crystals upon dye incorporation was already reported.^[@ref21]^ Recently, Mizra et al. have proposed that this dye incorporation into protein crystals can be used as a method to identify protein crystals from salt crystals,^[@ref25]^ so this demonstration would support their findings.

![Stereoscopic microscopic images of a single well of a 48-well crystallization plate containing already-grown hen egg-white lysozyme (HEWL) crystals with the mother solution immediately after injection of 400 μM eosin Y solution into the (a) well and (b) 1 day after the injection.](ao0c01038_0003){#fig2}

We subsequently studied the dye-loading process at a single-crystal level. We loaded the cationic dye, i.e., acridine yellow G, into the lysozyme crystals by the addition of a 400 μM dye solution into the mother solution. The temporal change of transmittance and fluorescence images obtained immediately after the injection up to 1 day is presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. It was not possible to distinguish the crystals from the solution instantaneously after the addition of acridine yellow G in both transmittance and fluorescence images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a); however, with time, the crystals became brighter compared with the solution in the fluorescence images. On the other hand, the transmittance images were colored from transparent to pale yellow. It is noteworthy that the dark corners of the crystal indicate the refraction of light. The differential fluorescence image between the one obtained after 1 day and the one obtained immediately after the dye injection is presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. It clearly visualizes that the concentration of acridine yellow G increased in the crystal compared with the surrounding.

![(a) Temporal change of transmittance and fluorescence images of a single HEWL crystal immediately after the injection of 400 μM acridine yellow G into the mother solution and up to 1 day following the injection. (b) Differential fluorescence image between the one obtained after 1 day and the one obtained immediately after the dye injection. (c) Temporal change of fluorescence intensity at inside (red) and outside (black) the crystal after the injection of acridine yellow G. The measured positions are indicated in image (a) (red and black crosses). (d) Space-resolved fluorescence spectra of the inside of a single HEWL crystal 1 day after acridine yellow G incorporation (red) and outside the crystal (black). The measured positions are indicated in image (a) (red and black crosses).](ao0c01038_0004){#fig3}

Temporal changes of fluorescence intensity at specific points of both inside and outside of the crystal are summarized in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. It is clear that the fluorescence intensity at the crystal inside increased with time, whereas the intensity at outside the crystal decreased. After 1 h, the intensity of the inside of the crystal saturated. This suggests that the molecules rapidly penetrated into the crystal (i.e., within 1 h). Furthermore, judging from the fluorescence intensity, the concentration of acridine yellow G was 1.7 times higher in the crystal than in the solution. Because the intensity drop after the saturation was not observed, we suppose that acridine yellow G molecules do not fully occupy the crystal and concentration or aggregation quenching does not occur in this condition. To confirm that the molecules penetrated the channels and did not adsorb only on the crystal surface, we crushed the crystals using a glass rod to form fragments and observed their fluorescence. Based on this analysis, we concluded that the molecules penetrated into the HEWL crystals. Additionally, we also found that the crystals, into which acridine yellow G penetrated, did not exhibit any cracks and deformations; hence, we deduced that the molecules were loaded via the solvent channels. We could not observe penetration anisotropy; however, the crystals possess a three-dimensional anisotropic solvent channel network. Detailed investigation at the early stage of the dye loading would be necessary to elucidate this.

The penetration time of acridine yellow G into the HEWL crystals was relatively short compared with that in the previous reports. Cvetkovic et al. described that the xanthene dye uptake from 26 μM solution into the cross-linked HEWL crystals occurred over 2--10 days until reaching equilibrium, which was confirmed by ultraviolet (UV)--visible spectroscopy of the crystal suspensions.^[@ref16]^ Seemann et al. also confirmed pH-sensitive xanthene dye loading into single cross-linked HEWL crystals after 72 h of incubation in the bath solution (100 μM) with two-photon microscopy.^[@ref21]^ This disparity of the penetration time can be explained in terms of the size relationship between the molecules and pores. Tetragonal HEWL crystals contain semielliptical solvent channels along their *c*-axis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d), the size of which is approximately 2.2 nm in the short axis.^[@ref1]^ On the other hand, acridine yellow G is a rodlike molecule with sizes of approximately 0.3 and 1.0 nm in short and long axes, respectively. These dimensions are therefore considerably smaller than the pore size, resulting in faster diffusion into the pore compared with the xanthene dye. In addition, the flexibility of the native crystals also results in the fast penetration compared with rigid cross-linked crystals. We speculate that the driving force for the molecular loading into the protein nanopores is the capillary condensation^[@ref26]^ based on the van der Waals force due to the large surface area of the pores. Following loading of the dye into the HEWL crystals, we replaced the dye buffer solution surrounding the crystals with a solution without the dye. We found that the dye molecules did not diffuse back to the surroundings from the pores for several hours. It is supposed that the dye molecules weakly bind to the pore surface as a consequence of van der Waals forces. This irreversibility of loaded molecules in the solvent channels was also confirmed in the following experiments.

Concurrently, we recorded the fluorescence spectrum of the inside and the outside of the crystal, as presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d; however, there was no difference between the spectra. This implies that the conditions of acridine yellow G loaded into the crystal are analogous to those in the solution. Nonetheless, the concentration in the crystal is higher than that in the solution. To support this assumption, we established that the fluorescence image of the HEWL crystal containing acridine yellow G did not exhibit any change with respect to rotating the polarization axis of the excitation light. We assume that acridine yellow G randomly oriented in the pores because of the availability of a relatively large space, considering the size of the molecule and, consequently, reduced interaction with the pore surface.

We subsequently investigated the incorporation of another dye, namely, rhodamine 6G, into single HEWL crystals. This cationic fluorescent molecule belongs to the xanthene dyes and was loaded analogously to acridine yellow G, i.e., by the addition of a 400 μM solution of the dye into the mother solution. The temporal change of transmittance and fluorescence images in this experiment is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Following the injection of the dye, we observed bright-green fluorescence in the entire image due to the presence of rhodamine 6G, and it was not possible to distinguish between the crystal and solution. In contrast to the experiments with acridine yellow G, in this case, the crystal gradually turned red on the edges. Notably, the red emission in the crystal is different from that of the rhodamine 6G solution, implying a change of the molecule conditions in the channels. Eventually, the entire crystal turned red; however, the emission intensity appeared weaker than that observed for acridine yellow G. On the other hand, the time course of the transmittance images did not exhibit drastic changes, though the color of the solution slightly faded. This minor change in the transmittance images is probably due to a high absorption coefficient and reduced incorporation of rhodamine 6G. The temporal change of fluorescence intensity in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b indicates that the intensity at the crystal inside increased and that at the outside decreased with time and the changes saturated within 2 h. This behavior is similar to the case in acridine yellow G injection; however, the changes in intensity are less, supporting the reduced incorporation of rhodamine 6G.

![(a) Temporal changes of the transmittance and fluorescence images of a single HEWL crystal obtained immediately after the injection of 400 μM rhodamine 6G into the mother solution and up to 1 day. (b) Temporal changes of fluorescence intensities at inside (red) and outside (black) the crystal after the injection of rhodamine 6G. The measured positions are indicated in image (a) (red and black crosses). (c) Temporal changes of fluorescence intensity at inside (red) and outside (black) the crystal after the injection of rhodamine 6G. (c) Space-resolved absorption spectrum of the inside of a single HEWL crystal following rhodamine 6G incorporation (red). The spectrum was taken from the indicated position in image (a) (red cross). For comparison, an absorption spectrum of a 10 μM rhodamine 6G sodium acetate buffer solution is also shown (black). (d) Space-resolved fluorescence spectra of the inside of a single HEWL crystal 1 day after rhodamine 6G incorporation (red) and of the outside of the crystal (black). The measured positions are indicated in image (a) (red and black crosses).](ao0c01038_0005){#fig4}

To obtain further insight into the presence of rhodamine 6G in the solvent channels, we recorded the absorption and fluorescence spectra after 1 day of incubation. The absorption spectrum of the HEWL crystal at specific points is demonstrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. As can be seen, the absorption spectrum of the bulk solution exhibits a single peak at approximately 525 nm as well as a vibronic shoulder at a lower wavelength (∼500 nm), suggesting the presence of a monomeric form of rhodamine 6G. In contrast, the absorption spectrum of the inside of the crystal is broadened compared with that of the solution, and two peaks at approximately 505 and 532 nm can be observed. These can be assigned to H-type and J-type dimers of rhodamine 6G, respectively.^[@ref27]^ Furthermore, the fluorescence spectrum inside the crystal ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) shows a peak at around 573 nm, which is red-shifted compared with the solution, supporting the red emission in the fluorescence images. This red-shifted fluorescence can be assigned to the fluorescent J-type dimers, whereas H-type dimers are nonfluorescent. Accordingly, the formation of rhodamine 6G aggregates in the solvent channels of the HEWL crystals upon incorporation is suggested. Disordered and twisted H-type dimers, in which the distortion angle between the dipole moments of the two monomers is higher than 55°, would be produced in the channels, resulting in the compatibility of the spectroscopic properties of the H-type and J-type dimers.^[@ref28]^ The formation of aggregates is often reported in the case of incorporation of rhodamine 6G into confined environments, such as cray thin films^[@ref29],[@ref30]^ or mesostructured silica films.^[@ref31]^

The temporal change of the emission color in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows that the red emission indicating rhodamine 6G aggregation was initially observed at the edge of the crystal and gradually reached the center. We followed the temporal change of the fluorescence spectrum at the center of the crystal upon loading of rhodamine 6G and found that the peak position shifted to a longer wavelength with incubation time ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01038/suppl_file/ao0c01038_si_001.pdf)). Thus, we assume that the rhodamine 6G molecules are incorporated into the crystal as monomers, and the subsequent penetration induces aggregation in the channels from the edge, probably by pushing away the already-adsorbed molecules. This assumption was partially confirmed by the fluorescence spectrum of the surrounding solution, which was ascribed to the monomeric form of rhodamine 6G at this concentration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). Lastly, we concluded that the rhodamine 6G aggregates were formed in the solvent channels, suggesting their chemically heterogeneous environments. It is noteworthy that this aggregation formation of loaded molecules in the protein crystals is not found in previous reports, probably due to the relatively lower amount of loaded molecules compared with that in this experiment.

According to the previous studies concerning the separation of dyes using mesoporous silica, nanoporous materials are discussed in terms of the Langmuir isotherm model.^[@ref32]^ The model is based on the assumption that the monolayer coverage of the adsorbed molecules occurs over homogeneous sites, and a saturation point is reached when no further adsorption can take place. We examined the concentration dependence on the fluorescence spectra of single HEWL crystals upon rhodamine 6G loading ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01038/suppl_file/ao0c01038_si_001.pdf)) and found that the peak position shifted to a longer wavelength with increasing concentration; however, its saturation was not observed. It is assumed that the coverage of rhodamine 6G on the channel surface is not complete, and a quantitative analysis of the adsorbed amount will be conducted in the near future. From this viewpoint, it is important to remember that the molecules of rhodamine 6G are positively charged. HEWLs are highly protonated in the acidic buffer (pH = 4.5) below the isoelectric point (pH = 9.3), and the channel surface possesses more positively charged sites than negatively charged ones. Inside the channel is rich in counterions of the sites, and then the molecular incorporation occurs by replacing the molecules with the ions and binding onto the oppositely charged sites to the molecules. Therefore, binding sites of rhodamine 6G would be limited, resulting in less incorporation. Moreover, the electrostatic repulsive interaction between rhodamine 6G and the oppositely charged site in the channel may induce the aggregation. Ultimately, we propose that the incorporation behavior of rhodamine 6G into the HEWL crystals, including the enhancement of the molecular aggregation in the channels, could be considered to be a host--guest interaction in protein crystals as nanoporous materials.

For comparison of the rhodamine 6G incorporation, we introduced another xanthene dye, namely, eosin Y, the absorption and fluorescence spectra of which are nearly identical to those of rhodamine 6G, as presented in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01038/suppl_file/ao0c01038_si_001.pdf). However, eosin Y molecules are anionic and therefore contain opposite charges to rhodamine 6G. Nevertheless, both of the molecules are incorporated into single HEWL crystals in the same manner. The temporal change of the optical images is summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. In the time course of the fluorescence images, it is obvious that the crystal edge in the emission images gradually turned from green to red after 1 h of incubation and the boundary appeared clear. As is the case with rhodamine 6G, the green and red emissions correspond to the monomer and the fluorescent J-type dimer of eosin Y, respectively. The red emission area did not expand with time in contrast to the case of rhodamine 6G. On the other hand, the emission color inside the crystal kept green but the brightness seems not so different from the solution after 3 h of incubation. The fluorescence image after 1 day of incubation shows that the crystal became brighter than the solution, whereas the red emission from the edge became weaker. Considering the vivid contrast between the crystal and the surrounding in both the transmittance and fluorescence images after 1 day, we assume that the HEWL crystals can occlude more of the eosin Y molecules than of rhodamine 6G. Cvetkovic et al. examined the adsorption isotherms of several kinds of xanthene dyes in cross-linked tetragonal HEWL crystals.^[@ref16]^ They explained the differences in the affinities of the crystals in terms of the electrostatic interactions. Due to the presence of a negative charge in eosin Y, our assumption is also supported by their findings. Temporal changes of fluorescence intensity at specific positions in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a are summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. Different from the experiment in rhodamine 6G, the intensities inside and outside the crystal change little with time. Contrastingly, the intensity at the crystal edge increases with time and saturates after 1 h of incubation. Judging from the fluorescence image after 1 day of incubation, it is plausible that the loading of eosin Y into the crystal inside is followed by the appearance of red emission at the crystal edge, implying the eosin Y dimer formation. Thus, the incorporation of eosin Y into the HEWL crystals is considered to take place in two steps. First, the dimer forms on the surface, and second, the monomer is loaded into the crystal. This process is substantially different from the case with rhodamine 6G and would be caused by the host--guest interaction in protein crystals.

![(a) Temporal changes of the transmittance and fluorescence images of a single HEWL crystal obtained immediately after injection of 400 μM eosin Y into the mother solution and up to 1 day. (b) Temporal changes of fluorescence intensity at inside (blue) and outside (black) the crystal and the surface (red) after the injection of eosin Y. The measured positions are indicated in image (a) (blue, red, and black crosses). (c) Space-resolved absorption spectrum of the inside of a single HEWL crystal following eosin Y incorporation (red). The spectrum was taken from the position indicated in image (a) (blue and red crosses). For comparison, the absorption spectrum of a 10 μM eosin Y sodium acetate buffer solution is also shown (black). (d) Space-resolved fluorescence spectra of the inside and the surface of a single HEWL crystal 1 day after eosin Y incorporation (blue and red) and outside of the crystal (black). The measured positions are indicated in image (a) (blue, red, and black crosses).](ao0c01038_0006){#fig5}

The absorption and fluorescence spectra of the HEWL crystals after 1 day of incubation with the eosin Y solution are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d. Similarly to the case of the incorporation of rhodamine 6G, the absorption spectra of both the inside and the surface of the crystal are broadened compared with those of the solution and show two peaks at around 500 and 530 nm. Consequently, it is suggested that eosin Y forms H-type and J-type dimers in both the channel and at the crystal surface. It should be mentioned that the spectrum of the crystal surface is slightly broader than that of the inside of the crystal, and the H-aggregate component is reduced, suggesting that the distortion angle between the dipole moments of eosin Y is different. On the other hand, the fluorescence spectrum of the inside of the crystal shows a peak at around 550 nm, which is blue-shifted compared with that of the surrounding solution. This blue shift may be explained in terms of not only electrostatic interaction but also the hydrophilicity of eosin Y. It is reported that incorporation of a halogen into eosin Y increases the hydrophobicity compared to rhodamine 6G,^[@ref33]^ which can induce interactions with the hydrophilic proteins at the pore surface and result in a blue fluorescence shift. A similar blue shift has been reported for Nile red on the protein surface.^[@ref34]^ Hence, this interaction can be considered as a host--guest interaction, despite being different from the one described for rhodamine 6G.

In contrast to the inside of the crystal, the fluorescence spectrum of the crystal surface exhibits a broad shoulder at around 600 nm, in addition to the monomeric emission at 560 nm. Owing to the spatial resolution of the spectroscopic measurement (∼5 μm), the spectrum may contain contributions from both the crystal surface and the solution. Therefore, the monomeric emission is ascribed to the solution, and the shoulder corresponds to the crystal surface, which is in accordance with the red emission in the fluorescence image. The red-shifted fluorescence at the shoulder compared with the solution can be assigned to the emission of the eosin Y dimer; hence, the aggregation of eosin Y at the crystal surface was confirmed. This assumption is also supported by the fact that the red emission at the crystal edge was only observed in the case of incubation of the crystals in the eosin Y solution with a high concentration ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01038/suppl_file/ao0c01038_si_001.pdf)). The entry of many molecules of the dye into the crystals in a high-concentration solution results in the formation of aggregates, followed by monomer incorporation.

It is noteworthy that the eosin Y aggregates are mainly formed at the entry hole of the solvent channels. The fluorescence image ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) clearly shows that the red emission is observed only at the edges of the crystal and not the (110) faces of the crystal. Additionally, another crystal incubated in a solution of eosin Y using an analogous approach shows red emission in the entire (101) face ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). This finding provides direct evidence that the molecules are transported into the crystal via the (101) face and thus via the solvent channels along the *c*-axis. Moreover, it shows that the aggregates are formed at the entry of the channels. It has previously been reported that the diffusion coefficient of loaded molecules in the HEWL crystals decreases due to the van der Waals forces and electrostatic interactions.^[@ref18]^ Hence, clogging of molecules can occur at the entry. In addition, in the case of eosin Y, the electrostatic interactions are expected to be stronger due to the electrostatic attractive interaction between eosin Y and the HEWLs. Thus, the binding would be stronger, leading to the aggregation at the entry. Moreover, the heterogeneous alignment of amino acid residues near the entry is suspected of playing an important role in the induction of aggregation. Thereafter, the formed aggregation at the entry can release the molecule, leading to the monomer incorporation into the crystal inside as confirmed by the fluorescence image ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Therefore, the aggregation of eosin Y at the entry holes of the solvent channels could be considered as another host--guest interaction in nanoporous protein crystals and is dependent on the molecular charge.

![Transmittance and fluorescence images of a single HEWL crystal, which directs the (101) face to the top side 1 day after injection of 400 μM eosin Y into the mother solution.](ao0c01038_0007){#fig6}

The dynamic process of the molecular incorporation into the HEWL crystals proposed on the basis of our observations for xanthene molecules is schematically summarized in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Undoubtedly, this molecular incorporation process is strongly dependent on many factors related to the molecular and crystal properties; therefore, our proposal cannot be generalized. For instance, the behavior of acridine yellow G incorporation is different from that of rhodamine 6G, despite both molecules being cationic. On the other hand, we demonstrated that the molecular aggregation occurs upon molecular incorporation into the protein pores. This finding clearly suggests that the in situ observation not just by microscopic imaging but also using spectroscopy at a single-crystal level is necessary to thoroughly study the process. The overview of the molecular incorporation process into the protein crystal will be updated in the near future on the basis of systematic loading of molecules with varying molecular sizes, shapes, and charges.

![Schematic illustration of the molecular incorporation process into a HEWL crystal along the *c*-axis in the case of (a) cationic molecules (rhodamine 6G) and (b) anionic molecules (eosin Y).](ao0c01038_0008){#fig7}

Conclusions {#sec4}
===========

In conclusion, we successfully performed in situ microspectroscopy observation of the fluorescent dye diffusion process into the HEWL crystals at a single-crystal level. We clearly visualized the molecule-loading process as a function of time via transmittance and emission images of the crystal and spectroscopically clarified that the molecular incorporation process requires two steps. The first step is driven by the capillary condensation based on the van der Waals forces, whereas the second step involves the attractive or repulsive interactions of the molecules with the amino acid residues at the channel surface. These depend on the molecular charge and were shown to lead to molecular aggregation inside or at the surface of the crystal. Dye molecule accumulation in protein crystals has been 3D-reconstructed with confocal fluorescence or two-photon microscopy before;^[@ref17],[@ref18],[@ref21]^ however, we in particular spectroscopically demonstrated the host--guest interaction that can come up to the surface by loading a large amount of molecules despite the lower spatial resolution of the microscopy. Further evaluation of the spatial arrangement of the amino acid residues at the surface of the solvent channels would allow for the elucidation of the role of the electrostatic interactions. Moreover, a comparison of the result obtained in the native HEWL crystals with cross-linked ones is also important because the stability of the cross-linked crystals could result in different behaviors. Further observation utilizing the confocal fluorescence microscopy technique would enable the visualization of the three-dimensional molecule-loading process with the crystal thickness, resulting in the quantitative evaluation of the amount of the loaded molecules. From the viewpoint of materials science, protein crystals can be applied as molecular sieves, as demonstrated in this study. Considering the structural similarity to the metal--organic frameworks and the variety of proteins, they can be further developed for applications in gas separation, catalysis, and nanoreactors. In addition, we propose that the crystals occluding dye molecules can be regarded as novel optical materials, as the guest molecules are highly condensed in the three-dimensional solvent channels. In this sense, the finding by Higger's group,^[@ref35]^ which showed that rhodamine 6G aggregates arranged on amyloid fibrils of HEWL exhibit stimulated emission, suggests potential applications of the protein crystals in biolasers because the molecular arrangement in the solvent channels possesses a more highly ordered structure compared with the fibrils.
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